The results presented in this paper apply to a generic vehicle that makes use of geometry changes to modulate the heat, drag, and acceleration loads while entering a planetary atmosphere. Two structural concepts for implementing the cone angle variation, namely a segmented shell and a corrugated shell, are presented. A structural analysis of the corrugated shell configuration shows that the stress levels are tolerable during entry. The analytic expressions of the longitudinal aerodynamic coefficients are also derived, and guidance laws that track reference heat flux, drag, and aerodynamic acceleration loads are also proposed. These guidance laws have been tested in an integrated simulation environment, and the results indicate that use of variable geometry is feasible to track specific profiles of dynamic load conditions during reentry.
I. Introduction
his paper presents the results of study of the effect of variable aerodynamic coefficients on the structural dynamics and trajectory of a vehicle entering a planetary atmosphere. Some of the key challenges of planetary entry are to dissipate the large kinetic energy of the entry vehicle and to land with precision. Past missions to Mars were based on unguided entry, where entry vehicles carried payloads of less than 0.6 T and landed within 100 km of the designated target. The Mars Science Laboratory (MSL) is expected to carry a mass of almost 1 T to within 20 km of the target site 1 . Guided lifting entry is needed to meet these higher deceleration and targeting demands. Decelerators in prior missions to Mars were based on 70 degree sphere-cone geometry, as shown in Figure 1 . To produce lift with such an axi-symmetric vehicle, the present approach is to trim at a nonzero angle of attack by center-of-mass (c.o.m.) offset through most of the hypersonic entry phase. The resulting trajectory is dependent on the lift-to-drag ratio L/D and ballistic coefficient β m inherent in the decelerator. If the aerodynamic characteristics of the decelerator is variable during flight, more trajectory options are possible, and can be tailored to specific mission requirements. In addition to the entry trajectory modulation, having variable aerodynamic properties will also favor maneuvering of the vehicle prior to descent. For proper supersonic parachute deployment, the vehicle needs to turn to a lower angle of attack. Currently, MSL relies on expelling ballast masses of 100 kg, 10% of its landed mass, in making a pitch maneuver to reduce the angle of attack. 2 Such maneuvers cannot be repeated during flight without added mass penalties. For maneuvering entry vehicles with blunt sphere-cone geometry, one common approach is to trim the vehicle at a nonzero angle of attack to produce lift by center-of-mass offset through most of the hypersonic entry phase. However, the vehicle needs to turn to a lower angle of attack prior to supersonic parachute deployment. One approach to entry trajectory improvement and angle of attack control is to embed a variable geometry decelerator in the design of the vehicle. Variation in geometry enables the vehicle to adjust its aerodynamic performance continuously without additional fuel cost because only electric power is needed for actuating the mechanisms that control the shape change. Novel structural and control concepts that enable the decelerator to undergo variation in geometry are the subject of this paper. It should be noted that other alternatives that have been proposed for the aerodynamic control problem make use of aerodynamic surfaces such as tabs or flaps 3 . They are either fixed in configuration or single-shot deployable, which limits them to only a few discrete configurations. In contrast, a variable geometry decelerator offers a continuous variation in vehicle configurations and aerodynamic performance.
Changing the aerodynamic characteristics of a flight vehicle by active means can potentially provide a mechanically simple, affordable, and enabling solution for entry, descent, and landing across a wide range of mission types, sample capture and return, and reentry to Earth, Titan, Venus, or Mars. Unguided ballistic entry is not sufficient to meet this more stringent deceleration, heating and targeting demands. Active guidance is needed and this requires more general aerodynamic control capabilities in the entry vehicles. We consider a vehicle with a forebody that is expanded to increase drag at high altitudes and high speeds, and that can be contracted at lower altitudes and speeds to decrease drag. In this manner, the deceleration curve as a function of time is flattened out so that the maximum deceleration is reduced. Reductions of drag up to 20% appear possible: a rough calculation shows that for a vehicle entering the Martian atmosphere, a 20% change of drag area, modulated by a variable geometry change in the 20-55 km altitude range, results in a 16% reduction of the maximum temperature peak, a 3% reduction in peak acceleration, and a 10% L/D change, making a significant difference in enabling lateral maneuverability during descent. This increased performance is achieved at no fuel cost: only electric power is used to actuate the motors driving the kinematical linkage of the underlying adaptive skeleton structure and can take place in very short time, typically before the peak heat rate or peak deceleration occur. This paper is organized as follows. Section II describes the entry dynamics and aeroheating during entry trajectory. Section III presents an analysis on the effect of geometric variation on the aerodynamic performance of decelerator. Section IV proposes the structural concepts for geometric variation that have been studied. Section V presents a structural performance analysis of the proposed corrugated shell concept. Section VI derives guidance laws for trajectory modulation. Section VII demonstrates the trajectory simulation results with tunable aerodynamic coefficients. Section VIII concludes the paper and outlines the future work for this study. 
II. Dynamic Modeling
For precision landing with specified deceleration requirements, trajectory modulation needs to start early in the hypersonic segment of the reentry. In this section, the assumptions and equations of motion of the vehicle dynamics and thermodynamics entering a planetary atmosphere are derived. Some proposed guidance laws based on dynamic inversion are also discussed, as well as preliminary results of simulation studies.
A. Longitudinal Vehicle Dynamics
The dynamic performance of the entry vehicle is examined in this section. Our analysis follows the following assumptions 4, 11 : -The vehicle is rigid and axially symmetric, but of varying geometry; -The vehicle exhibits only small perturbations about a nominal flight condition, so that the motion of the vehicle can be decoupled into longitudinal (in the plane of symmetry) and lateral (out of plane) motions. The perturbations and symmetric flight assumptions are valid for a wide range of flight conditions. They are violated only in large amplitude maneuvers such as rapid rolls, tight turns, and rolling pull-outs, i.e. maneuvers expected of high performance aircraft but rather unlikely to be encountered in precision landing applications. -motion restricted to the longitudinal plane (i.e., side-slip angle=0); -the planet is spherical and rotating at constant rate. 
where h is the altitude, θ the longitude angle, φ the latitude angle, α the angle of attack, V the magnitude of the velocity vector, γ the flight path angle, ψ the heading angle, σ the bank angle, r the vehicle distance from the center of the planet, Ω the planet rotation rate, D and L are the drag and lift forces, m the vehicle mass, g the gravitational acceleration, q is the pitch rate, I y the pitch moment of inertia, M the pitching moment, and the C-terms represent the effect of the planet's rotation on the respective degrees of freedom. We also make use of β m = m/C D S, the ballistic coefficient. A smaller ballistic coefficient indicates a higher deceleration by drag on the body. Dispersions in atmospheric density and drag coefficient can impose a large variation in the altitude for parachute deployment. The ballistic coefficient can be actively controlled during the hypersonic flight so that the entry vehicle will reach the required velocity at descent stage.
B. Thermal Dynamics
Stagnation point heating approximation methods can then be used to estimate the convective and radiative heat rates of a vehicle that follows a given atmospheric trajectory. For a vehicle entering a planetary atmosphere, the time rate of change of average convective heat input per unit area at the stagnation point can be estimated with the general expression:
where c 1 is a constant and the exponent n is between 3 and 3.5. In this paper, we assumed n=3 for reference. The convective heat flux at stagnation point near the nose of radius R nose can also be expressed as: where m is the vehicle mass, ρ m =7.8e3 is the material density in kg/m3, and c p =5.68 is the material specific heat at constant pressure. For an axi-symmetric entry body, the L/D can be enhanced by flying at a higher trim angle of attack, but it is limited by the maximum required for parachute deployment requirement. One approach to this problem is to make a pitch maneuver by ejecting six identical masses. There are several alternative concepts that make use of trim-flap, tab, and shelf to fly at the required L/D at a low angle of attack. The variable geometry decelerator provides an alternative solution for L/D and bank modulation. Entry vehicles that have flown to date feature aero-shells with blunt sphere-cone geometry, with cone angles ranging from 45 deg to 70 deg. Hence, a reasonable approach is to try to span all or part of this range in a single vehicle able to vary the cone angle of a sphere-cone shape to achieve a range of aerodynamic forces and moments during flight. For instance, given a sphere-cone with constant meridian length, an increase in the cone angle raises both the drag coefficient and the base area, which in turn reduces the ballistic coefficient of the decelerator. As will be illustrated in the following, the proposed concept enables the vehicle to vary its aerodynamic performance in a repeated manner and hence provides a means for trajectory tailoring. 
III. Aerodynamic Characteristics of

A. Continuum-Flow Aerodynamic Coefficients
In the continuum regime, hypersonic aerodynamic coefficients can be estimated using Newtonian impact theory. The Newtonian model neglects viscosity of the flow and yields a simple relation between the pressure coefficient on an elemental area and the inclination θ of the area to the free-stream. The pressure coefficient based on Newtonian flow theory depends on the relative orientation of the surface with the free-stream velocity, and is given by 5 :
The expression of the pressure coefficient allows for explicit integration over the surface for simple geometries, such as the sphere-cone shown in Figure 3 . For the conical part of the sphere-cone, the inclination angle θ is identical to the cone angle δ. Assuming the angle of attack and sideslip angle never exceed the cone angle of the sphere-cone, there will be no shadow region. Defining the bluntness ratio as b r B R = , the aerodynamic force coefficients for the cone in the body reference frame are given as follows: 2  2  2  2  2  2  2  2  2  2  2   1  3  cos  2 cos cos  3cos cos cos  cos  cos cos cos  2 2 
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The drag and lift coefficients are related to the axial and normal coefficients by a transformation from the body axis frame to the wind axis frame, and they can be derived for different angles of attack and side-slip angles. A radial c.o.m. offset is needed to provide a sufficient L/D for effective maneuvering by trimming the vehicle at a nonzero angle of attack. The MSL baseline configuration, which is a 70 deg sphere-cone, achieves the minimum L/D = 0.25 using a radial c.o.m. offset of 0.024, normalized by the maximum vehicle diameter 4 . Using this offset, the longitudinal aerodynamic coefficients of sphere-cones as a function of angle of attack for various cone angles are shown in Figure 4 . At a given angle of attack, as the cone angle increases the axial force coefficient C A increases while the normal force coefficient C N decreases. The overall effect of varying the cone angle is to change the trim angle of attack.
B. Effect of Cone Angle on Lift-to-Drag Ratio and Ballistic Coefficient
The variations of L/D and β m are shown in Figure 5 . Aerodynamic performance is a function of the angle of attack, therefore a range of L/D and β m are achieved by varying the cone angle. For design purposes, it is more instructive to determine the aerodynamic performance at trim conditions. Since the geometry is varying, the center of pressure, X CP , moves as the decelerator changes its cone angle. 
IV. Structural Control Concepts
Two structural concepts for variable geometry decelerators are presented. The first concept envisages a segmented thin shell structure whose component parts are hinged to a rigid nose element and are supported by a hoop of variable radius near the outer rim. The second concept envisages a flexible shell structure which changes configuration in response to a radius change imposed by, for example, a set of actuators. An important component of both of these decelerator concepts, which will not be discussed in detail, is a thermal protection system (TPS) that reduces the thermal load on the structure itself. To achieve a smooth variation in the geometric configuration of the decelerator with a high degree of control on the decelerator shape requires that the behavior of the TPS be considered as well. The segmented shell decelerator concept requires the TPS to bridge across the gaps between the segments, whereas the flexible shell concept requires the TPS to change curvature. In both cases it is important to consider the stiffness properties of currently available TPS materials in the design process. The TPS for MSL consists of cork-filled silicone bonded onto a Flexcore honeycomb; it has a thickness of about 25 mm 6 . It is likely to be too stiff for the proposed concepts and the maximum strain that it can survive without fracturing would have to be evaluated to determine the limits on the underlying surface movements that could be tolerated. An alternative approach that is believed to be more suitable for the proposed schemes is based on recent developments in inflatable entry vehicles, which feature a flexible high temperature multilayer insulation (MLI) consisting of ceramic, carbon fabric, metal foil, and metalized Kapton layers. It has been experimentally demonstrated that a MLI with 25 layers and a total thickness of 4.29 mm is able to keep the temperature of the bottom layer below 200°C under a heat flux of 35 W/cm 2 . 7 Since MLI is composed of distinct thin layers, its bending stiffness can be assumed to be small in comparison with the stiffness of the underlying shell structure and hence can be neglected in a preliminary study.
A. Segmented Shell
The segmented shell concept is based on a continuous spherical blunt nose and a number of curved panels that are sections of a conical surface. Each of the curved panels is connected to the nose by a hinge and the variation in cone angle is achieved by rotating the curved panels about the nose. Such rotation is carried out by controlling the base radius of the structure. This is a mechanism-type concept, see Figure 7 , which involves no deformation of the surfaces and is thus compatible with conventional ablative materials, such as the MSL TPS, but would require the use of a compliant MLI to span across the panels.
A kinematic simulation of the segmented shell concept has shown that the clearance between adjacent panels, required for expansion and retraction without interference, is the limiting factor for the variable cone angle range. Figure 8 shows the retracted and expanded states of a prototype that provides a cone angle range of 15 deg. In the model shown in Figure 8 , the gaps between adjacent conical segments have been minimized by allowing the panels to overlap in the retracted configuration, to support the MLI that would then seal off. There would be, of course, discontinuities in the curvature of the surface which are expected to have adverse effects on the heat load distribution on the entry vehicle. A second concept has been proposed that provides a continuous surface and is presented in the next section. 
B. Corrugated Shell
The idea is to design a thin shell structure of essentially conical shape whose angle can be varied over a useful range without stretching the surface. Hence, the shell has to bend only and this generally requires a smaller amount of strain energy than a comparable geometry change involving stretching of the surface. A range of purely conical surfaces can be inextensionally transformed into one another by varying the directrix in such a way that its arc length remains unchanged and the distance between the apex of the cone and any point of the directrix is also unchanged. Hence, a smooth cone (with a circular directrix) can be transformed into a corrugated cone with a nonplanar directrix and a smaller (average) cone angle. Alternatively, the average cone angle of an initially corrugated cone can be either increased by decreasing the amplitude of the corrugation, or decreased by increasing this amplitude.
This concept is illustrated in Fig. 9 which depicts a corrugated conical surface that has been obtained by stitching a smooth spherical cap, to provide the blunt nose region, to a truncated conical surface with corrugations in the form of a sine function. As shown in Fig. 10a , the corrugated conical surface is a ruled surface bounded by two curves, DEF and PQR, which respectively lie on spheres of two different radii, r 0 and r h , centered at O. The curve DEF is not corrugated to allow a continuous connection between the corrugated conical surface and a sphere cap, as shown in Fig. 10b . Any curve obtained by intersecting the corrugated conical surface with a sphere centered at O and with a radius between r 0 and r h is described by 
where δ 0 is the average cone angle in radians, n is the number of corrugations, and A is the corrugation amplitude in radians. Because of the corrugations the cone angle varies between two limits; but a single value, obtained by averaging over the cross section, will be used for describing the geometry of the corrugated cone. Similarly, the outer rim radius of the corrugated shell is also an average value.
A small scale physical model of this concept, with a diameter of 300 mm, a thickness of 1 mm, an undeformed average cone angle δ 0 = 60 deg (1.05 rad) and a corrugation amplitude A = 3.10 deg (0.054 rad) has been analyzed using the commercial software package ABAQUS 8 . The peak stresses resulting from the geometry change and the associated reaction forces were predicted by the finite element simulation to ensure that they would be compatible with the stereolitography material Somos 9920 that has a Young's modulus of 1580 MPa and a breaking strain of 21% 9 . The model was fabricated after confirming that its deformation would be entirely elastic. The photos in Fig.  11 show the corrugated shell in the two extreme configurations, with average cone angles of 65 deg and 55 deg when expanded and retracted, respectively. 
C. Actuation Scheme
The shape variation is actuated by changing the radius at the rear of the decelerator by means of an actuation mechanism. In the case of the proof-of-concept prototypes presented in this paper, the radial motion of the base has been achieved through a circular foldable bar structure with mobility of one. 10 This single internal degree of freedom allows the structure to keep all of the outer joints on a circle of uniform radius, varying in a given range. This mechanism is formed by connecting identical angulated bars using shear connectors. Figure 12 shows the retracted and expanded configuration of a circular foldable bar structure consisting of eight pairs of angulated elements. The connection points on the outer circumference of the mechanism are attached to the base of the prototypes. This bar structure is proposed only for small scale prototypes as it is expected that in a full scale decelerator several linear actuators would be utilized to provide higher forces and to achieve both symmetric and asymmetric configuration changes.
V. Analysis of Full-Scale Corrugated Shell Concept
Having established that cone angle variations in a range compatible with the aerodynamic studies in Section III are achievable with the corrugated shell concept for the scale of a scaled prototype, a full-scale decelerator employing this concept has been designed and analyzed for its structural performance. A finite element model of this structure has been set up in ABAQUS 8 to study the static response of the structure in several configurations and under typical pressure loading conditions of a Mars entry mission. 
A. Analysis Details
The dimensions and parameters for the model used in the simulation were chosen on the basis of the MSL mission 2 and are summarized in Table 1 . The model is designed for average cone angles ranging from 60 deg to 70 deg; a cone angle of 67 deg in the undeformed state was chosen to approximately equalize the magnitude of the actuation forces in the two extreme configurations.
In the ABAQUS model, meridian ribs have been introduced under the valleys of the corrugated surface to provide attachment locations for the actuation mechanism. The ribs were modeled using eight-node full integration solid elements C3D8, while the surface was modeled using eight-node (SC8R) and six-node (SC6R) reduced integration continuum shell elements. The material was aluminum throughout, with linearly elastic and isotropic properties.
The analysis consisted of two steps. In the first step, the corrugated shell was deformed to achieve the required cone angle without any external loading. This was done by defining a contact pair between each rigid pin and the hole in the corresponding rib using the option 'CONTACT PAIR' and prescribing a radial displacement boundary condition on the pin. A uniformly distributed pressure simulating the aerodynamic loading was then applied on the front surface of the model in the second step. A pressure value of 10 kPa, corresponding to the maximum deceleration point in the trajectory, was used. Two translational and three rotational degrees of freedom on the pins were fixed while all other degrees of freedom were left unrestrained throughout the analysis. The simulation was carried out for several different configurations where the cone angles varied from 60 deg to 70 deg with 67 deg at the undeformed state. Both analysis steps were geometrically non-linear. Since the geometry is 12-fold rotationally symmetric and the pressure load is uniform, the analysis was carried out on a substructure that is a 1/12 section of the whole structure. 
B. Results
The distribution of hoop and meridional stress resulting from the geometry change only is presented in Fig. 13 . The corrugation amplitude increases when the cone angle is reduced and vice-versa, while the spherical cap experiences little deformation. This is because of the relatively higher stiffness of the spherical cap than the corrugated conical surface. The hoop stress induced by this deformation is a direct result of the change in corrugation amplitude. These changes in corrugation amplitude are associated with bending hoop stresses throughout the shell. The hoop stress is highest near the transition between the spherical cap and the corrugated cone and decreases along the meridian because the change in hoop curvature is the most significant when r is small. The meridional stress reaches a similar peak value, but is more localized near the transition. Figure 14 shows the distribution of hoop and meridional stress under uniform pressure for the two configurations. Uniform pressure distribution essentially corresponds to the situation where a sphere-cone decelerator is flying at a zero angle of attack. In a lifting entry, the pressure distribution will be dependent on the angle of attack according to Eq. (7). For the proposed corrugated shell concept, the corrugations also change the local surface normal direction and therefore a numerical procedure will need to be employed to calculate more accurately the pressure distribution on the structure for different flight conditions. Figure 15 shows the radial actuation force at one connection point between the shell and the actuation mechanism, required to obtain the desired range of cone angles for the case of zero pressure and the case of uniform pressure. With zero pressure load, the actuation force varies nonlinearly with change in cone angle because of geometric nonlinearity in the deformation process. As the cone angle increases from the undeformed state, the corrugations flatten and so the structure increases its stiffness against this actuation mode. Conversely, when the cone angle reduces the corrugations amplify, and so the structure becomes softer. The uniform pressure load tends to expand the diameter of the outer rim, which induces an increase in the radial reaction force. 
VI. Guidance Laws
This section describes three guidance laws based on the concept of dynamic inversion 15 . Similar guidance laws have been applied in related studies 12, 13, 14 .
A. Guidance Laws for Constant Drag Tracking
Using the expression for the drag force given above, the drag tracking guidance is based on defining the error
The error is reduced by imposing an exponentially stable error dynamics in the form 15 :
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where ωω D and ζζ D are the natural frequency and damping ratio of this second order system.
In terms of the drag force, this expression becomes:
Where 3 And the commanded bank angle becomes, from the longitudinal equation of motion, neglecting the small Earth curvature terms:
B. Guidance Laws for Constant Heat-Rate Tracking
Using the expression for the convective heat flux input given above, the heat-rate tracking guidance is based on defining the error 
where ω Q and ζ Q are the natural frequency and damping ratio of this second order system.
In terms of the heat flux, we have: 
Consequently, the commanded flight-path-angle becomes:
( ) 
C. Guidance Laws for Constant Acceleration Load Tracking
Introducing the factor L u D = , the aerodynamic acceleration load can be written as:
The acceleration-load tracking guidance is then based on defining the error 
where ω a and ζ a are the natural frequency and damping ratio of this second order system. We obtain: 
where: 
Consequently, the commanded flight-path-angle becomes: 
VII. Trajectory Analysis and Results
A trajectory study has been conducted, which makes use of the variable geometry concepts described above. Figure 16 and Figure 17 show results of the simulation where the cone angle is increased 10 degrees in a step of 60 seconds (case 1). Figure 18 and Figure 19 show results of a second simulation study (case 2) where the cone angle is actuated when the following three conditions are verified: resultant acceleration load > 10 m/s 2 , rate of change of temperature > 10.0 K/s, and temperature > 500.0 K. These results indicate that small changes in the geometry of the low L/D configuration can effectively influence the main dynamic variables that are required for maneuvering the vehicle, namely the drag force, acceleration load, and heat flux. More detailed analysis of this interaction are subject of future work.
VIII. Conclusion
The results presented in this paper apply to a generic vehicle entering a planetary atmosphere which makes use of a variable geometry change to modulate the heat, drag, and acceleration loads. Innovative structural concepts are presented that are very promising to implement a variable geometry aerodynamic shape. A structural analysis of these proposed structural configuration shows that the stress levels are tolerable during entry.
Two structural concepts for implementing the cone angle variation, namely a segmented shell and a corrugated shell, have been presented. Small proof-of-concept prototypes have shown that a change of cone angle in the range 60• to 70• is achievable with both concepts. The structural performance of the full scale (4.5 m diameter) corrugated shell decelerator concept has been analyzed assuming a uniformly distributed pressure loading of 10 kPa. Assuming an aluminum shell with a uniform thickness of 3.0 mm, a peak stress of 540 MPa has been predicted near the transition between the spherical cap and the corrugated conical surface when the cone angle is reduced from 67 deg to 60 deg. The same stress magnitude has been found when the cone angle is increased from 67 deg to 70 deg, but the peak stress occurs near the outer rim of the shell. A total radial actuation force of 134 kN is needed to maintain the corrugated shell at a cone angle of 70 deg. These preliminary results indicate the broad feasibility of the proposed scheme, although of course it will be necessary to refine the proposed design to ensure that the peak stresses are within acceptable limits for a specific material. It is possible that a multiparameter optimization approach will be necessary to fully explore the potential of the proposed solution. Since the shape of corrugated shell deviates from the conventional sphere-cone decelerator, the variation of aerodynamic characteristics with cone angle obtained is an approximation to that of the corrugated shell decelerator. A more precise numerical computation of the pressure distribution on the corrugated shell surface using panel method is currently underway. This numerical procedure will be incorporated into the trajectory simulation and the structural analysis. Scaled prototypes for both concepts were fabricated. They have demonstrated that continuous variation in cone angle is achievable. Further work will also include tuning the current corrugated shell geometry using an energy-based optimization approach to minimize stress and actuation force, and exploring trajectory modulation with decelerators undergoing asymmetric variation in geometry.
Variations in cone angle for a decelerator with sphere-cone geometry have the effect of altering the trim angle of attack and the corresponding lift-to-drag ratio and ballistic coefficients during flight. This capability enables trajectory optimization with fewer aerodynamic constraints. The analytical expressions of the longitudinal aerodynamic coefficients were derived, and guidance laws that track reference heat flux, drag, and aerodynamic acceleration loads are also proposed. These guidance laws, based on dynamic inversion, have been tested in an integrated simulation environment, and the results indicate that use of variable geometry is feasible to track specific profiles of dynamic load conditions during reentry. 
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